Abstract Current treatments for Glioblastoma multiforme (GBM) involve surgery, radiotherapy, and cytotoxic chemotherapy; however, these treatments are not effective and there is an urgent need for better treatments. We investigated GBM cell killing by a novel drug combination involving DT-EGF, an Epidermal Growth Factor Receptortargeted bacterial toxin, and Tumor Necrosis Factor-Related Apoptosis Inducing Ligand (TRAIL) or antibodies that activate the TRAIL receptors DR4 and DR5. DT-EGF kills GBM cells by a non apoptotic mechanism whereas TRAIL kills by inducing apoptosis. GBM cells treated with DT-EGF and TRAIL were killed in a synergistic fashion in vitro and the combination was more effective than either treatment alone in vivo. Tumor cell death with the combination occurred by caspase activation and apoptosis due to DT-EGF positively regulating TRAIL killing by depleting FLIP, a selective inhibitor of TRAIL receptorinduced apoptosis. These data provide a mechanism-based rationale for combining targeted toxins and TRAIL receptor agonists to treat GBM.
Introduction
There are an estimated 20,500 new cases of brain and nervous system cancers and 12,700 brain cancer deaths each year in the United States [1] . Glioblastoma multiforme (GBM), is the most common and aggressive type of primary brain tumor [2] and these tumors are usually recalcitrant to current therapies [3] . This results in a five year survival rate of\5% that has been essentially unchanged for decades [4] and creates a great need for improved treatment strategies for this disease.
Fusion toxins [5, 6] combine a toxin such as diphtheria toxin (DT) with a ligand that recognizes a receptor found on cancer cells. After endocytosis of the targeted receptor, DT ADP-ribosylates the translation factor EF-2, which leads to the inhibition of protein synthesis [7] and cell death [8, 9] . Nearly 50% of GBM's overexpress epidermal growth factor receptor (EGFR) and this increased expression correlates with poorer prognosis [10] . Thus, the EGF receptor is a good target for the development of a fusion toxin for treating this disease and by fusing EGF to diphtheria toxin (DT-EGF), we showed that we could kill GBM cells and cause GBM tumor regression in an EGFR-dependent manner [11, 12] . Protein therapeutics such as DT-EGF, TRAIL or antibodies are suitable for treatment of brain tumors because they can be administered by convection enhanced delivery, which uses the blood brain barrier to confine the drugs to the brain [13, 14] .
Apoptosis is executed through two main pathways (the extrinsic or intrinsic pathways), which can both be targeted therapeutically [15] . One extrinsic, or death receptor, pathway is activated by Tumor Necrosis Factor-Related Apoptosis Inducing Ligand (TRAIL), which normally functions to inhibit tumor development and progression [16] . TRAIL activates two death receptors called DR4 and DR5 [16, 17] , which are targeted therapeutically by several drugs that are in clinical trials both as monotherapy and combined with other drugs [18, 19] . Activated DR4 and DR5 recruit an adaptor protein, Fas associated death domain protein (FADD), which in turn recruits and activates procaspase 8 [20] . Active caspase 8 then cleaves procaspase 3 resulting in its catalytic activation and stimulation of the apoptosis cascade. Multiple mechanisms influence TRAIL sensitivity and resistance [21] . For example, TRAIL sensitivity can be reduced by increasing molecules that block TRAIL receptor induced apoptosis such as Flice-like inhibitory protein (FLIP), which is a caspase 8 like protein that interacts with FADD and inhibits death receptor-induced apoptosis at the level of the receptor complex [22] . TRAIL sensitivity is also determined by more general apoptosis inhibitors including inhibitor of apoptosis proteins (IAPs) such as XIAP [23] .
The main premise of combinatorial drug therapy is that cancer cells are more effectively killed and less likely to develop resistance to combinations of drugs especially if they have different mechanisms of action [24] and the majority of successful chemotherapy treatments use a multiple drug approach that was usually determined empirically. A major ongoing effort in cancer research is to develop more rational, mechanism-based approaches to determine which drugs to combine [24] . Combining DT-EGF and TRAIL in GBM cells is attractive because they kill by quite different mechanisms; our recent work showed that DT-EGF activates autophagy in GBM cells and that this autophagy inhibits apoptosis and thus causes DT-EGF to kill via a non-apoptotic mechanism [25] , whereas TRAIL receptor agonists directly activate caspases and kill through apoptosis [16, 17] . Here, we asked if combining agents that work in such different ways is effective by combining DT-EGF with TRAIL receptor agonists. We found that this results in synergistic GBM cell killing in vitro and improved anti-tumor response in vivo. We further found that the synergy occurs because DT-EGF causes a reduction in FLIP, which potentiates TRAIL receptorinduced cell death by significantly increasing the efficiency of caspase activation by TRAIL receptors.
Materials and methods

Reagents
GBM cells were obtained from American Type Culture collection and maintained in MEM growth medium (HyClone, Logan, UT) supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan, UT) in a 5% CO 2 humidified atmosphere at 37°C. DT-EGF was prepared and used as described previously [11, 26] siRNA SMARTpool siRNAs targreting FLIP and XIAP were obtained from Dharmacon (Thermo Scientific Dharmacon Products, Lafayette, CO). Twenty-four hours prior to transfection cells were plated at 300,000 cells/60 mm dish in MEM without penicillin/streptomycin (P/S). Transfection media reagent was prepared by mixing 20 ll of smartpool (Dharmafect) siRNA (20 lM concentration) with 380 ll of OptiMEM in a 1.5 ml microcentrifuge tube and incubated for 5 min. In another microcentrifuge tube 6 ll of Dharmafect 1 reagent and 394 ll of OptiMEM was mixed and incubated for 5 min. The two tubes were mixed together and incubated for another 20 min. siRNA mixture was added onto cells dropwise while covering the entire dish. Twenty-four hours later media was replaced with fresh MEM complete with P/S.
Caspase 3/7 activity
Cells were plated in a 96 well black-walled plate at a concentration of 3,000 cells per well. Drugs were added in triplicate at timepoint of interest. One hour prior to the end of assay Caspase-Glo 3/7 reagent was added (Promega, Madison, WI) to each well at a 1:1 ratio according to manufacturers' instructions. The cells were incubated in the dark for 1 h. Samples were measured using Veritas microplate luminometer (Turner BioSystems, Sunnyvale, CA). This assay specifically recognizes caspase 3/7 activity.
MTS cell viability
Cells were plated in a 96 well format at 3,000 cells per well. Drugs were added to triplicate wells. One hour prior to the end of the experiment cells were treated with 20 ll of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) (Promega, Madison, WI) according to manufacturers' intructions. MTS reagent is light sensitive; therefore, the plate was incubated for 1 h in the dark at 37°C. Samples were measured with a Bio-Rad Benchmark Plus Microplate Spectrophotometer (Bio-Rad Laboratories, Hercules, CA) at an absorbance value of 490 nm.
Light microscopy U87MG cells were plated in six well dishes at a density of 50,000 cells per well 24 h prior to treatment. U87MG cells were treated with their respective stimulants and representative micrographs were taken at the required time points with 109 magnification.
Animals studies
Female athymic nude mice (ages 4-6 weeks) were obtained from NIH. The mice were allowed to adjust to their environment for one week. U87MG cells were injected at a concentration of 10 million cells in 0.1 ml into both flanks of the mice (day 1). The tumors were allowed to grow to *150 mm 3 , then on day 8 five animals per group were treated with the specific drug regimen by interstitial injection. Each respective group received phosphate buffered saline (PBS) (HyClone, Logan, Utah), DT-EGF (0.5 lg), Lexatumumab (1.0 lg) and DT-EGF and Lexatumumab in combination. The animals were observed every other day and tumors measured with digital calipers (Mitutoyo Corp., Japan). On day 33 the tumors were measured and the animals euthanized. ANOVA software was used to calculate the correlation between drug treatment and tumor size.
Results
DT-EGF treatment of GBM cells induces non-apoptotic cell death
DT fusion toxins can kill different tumor cells by different mechanisms [27] [28] [29] . We recently showed that DT-EGF kills U87MG cells (and other GBM cell lines) by a mechanism that involves autophagy induction that suppresses caspase activation so that GBM killing occurs by a caspase-independent mechanism [25, 30] . To ask if the same tumor cells could be killed by something else through classical apoptosis, we compared U87MG killing by DT-EGF and TRAIL using doses of the drugs that depletes the number of viable cells by about half after 24 h (Fig. 1b) . Morphological studies showed that the DT-EGF treated cells appear rounded and lack the characteristic blebbing ) (mean ± SEM from 3 replicates). c Effector caspase activity was measured using a caspase 3/7 specific luminogenic substrate on U87MG cells treated with DT-EGF (150 ng ml ) (mean ± SEM from 3 replicates) that is typical of caspase-dependent apoptosis that can be seen in cells treated with TRAIL (Fig. 1a) . Measurement of effector caspase-3 and -7 activity indicated that DT-EGF treatment does not activate caspases similar to control cells; conversely, a single dose of TRAIL at 6 h induces significant caspase activity indicating that these cells are capable of undergoing caspase dependent apoptosis (Fig. 1c) .
DT-EGF synergizes with TRAIL receptor-targeted drugs
To test if DT-EGF causes synergistic tumor cell killing when combined with anti-cancer agents that directly activate the apoptosis machinery, we combined DT-EGF and TRAIL or agonistic antibodies (Fig. 1c) and measured synergy using the Calcusyn program, which determines synergy using the median effect principal [31, 32] . The combination of TRAIL and DT-EGF (Fig. 2a ) results in combination index (CI) values of \0.3 for multiple combinations (combinations 4-8) indicating that the drugs are synergistic (Fig. 2c) . Combinations 1-3 were not evaluated as these concentrations included doses where one of the drugs had no detectable effect and the Calcusyn program cannot evaluate combinations under these circumstances. We next tested combinations of agonistic TRAIL receptor monoclonal antibodies (mAbs) and DT-EGF. An increase in the overall cell killing was observed with the combination of DT-EGF and lexatumumab, a mAb targeted against the DR5 receptor (Fig. 2b) even though lexatumumab on its own was poorly effective at killing U87MG cells. The CI values calculated for the combination of DT-EGF and lexatumumab were under 0.3 for multiple combinations, which again indicates that these drugs work synergistically (Fig. 2c) . In contrast, mapatumumab, an agonistic mAb targeted against DR4, had no cytotoxic effect on U87MG cells on its own, and DT-EGF does not increase the amount of dying U87MG cells above that achieved by DT-EGF alone (data not shown). To test if synergy occurs in other GBM cells, we tested combinations of DT-EGF and TRAIL in four other GBM cell lines. Marked synergy with CI values \0.3 were found for 42MGBA, GMS10, and SNB19 cells. There was no synergy in U373 cells, which displayed no killing by TRAIL (Table 1 ). These data show that DT-EGF can synergize with TRAIL receptor targeted drugs to kill GBM cells in vitro. To test if the combined Fig. 2 DT-EGF potentiates TRAIL receptor mediated killing in vitro and in vivo. a MTS assay quantifying cell viability of U87MG cells in response to DT-EGF and TRAIL either alone or in combination (mean ± SEM from 3 replicates). b MTS assay quantifying cell viability of U87MG cells in response to DT-EGF and Lexatumumab either alone or in combination (mean ± SEM from 3 replicates). c Table of combination doses between DT-EGF and the TRAIL receptor-targeted drugs. CI value for DT-EGF and TRAIL or Lexatumumab combinations calculated using Calcusyn. d U87MG tumor cells were implanted in the flanks of nude mice and tumors were allowed to grow for one week. Tumors were then treated with interstitial as previously described [12] with DT-EGF (0.5 lg), Lexatumumab (1.25 lg), or both in combination. Two-way repeated ANOVA showed a difference *P \ 0.001 for the combination compared to the single treatment groups (mean ± SD from 3 replicates) drugs are also more effective in vivo, we used a xenograft system that previously demonstrated that DT-EGF reduces GBM tumor growth in vivo [12] . Treatment with limiting doses of either DT-EGF or lexatumumab alone had a modest effect on tumor growth rate however combining the two agents at the same doses resulted in significantly greater inhibition of tumor growth (Fig. 2d) indicating that the improved tumor cell killing with the combination also occurs when tumors are treated in vivo.
U87MG cells treated with DT-EGF and TRAIL die by apoptosis
Because DT-EGF activates autophagy, which prevents caspase activation in U87MG cells [25] , we asked if the death mechanism due to the combination treatment was also independent of caspase activation. We treated cells with a combination of DT-EGF (150 ng/ml) and a low dose of TRAIL (2 ng/ml) and observed cell morphology that was characteristic of apoptosis and similar to cells treated with a much higher dose of TRAIL (250 ng/ml) (Fig. 3a) . The U87MG cells were completely viable and appear similar to untreated cells in the presence of the low dose of TRAIL alone. We next performed western blot analysis of a well characterized substrate of caspase 3, Poly-ADP ribosyl polymerase (PARP), which was cleaved in response to treatment with DT-EGF and low dose TRAIL to a greater extent than that achieved by the high dose of TRAIL (Fig. 3b) . Similarly, the combination resulted in greater cleavage of the caspase-8 substrate Bid (Fig. 3b ) and the caspase 3/7 catalytic activity in response to the combination of DT-EGF and low dose TRAIL was at least equivalent to high doses of TRAIL alone (Fig. 3c) . Treatment with a pan-caspase inhibitor zVADfmk resulted in protection from apoptotic death as shown in the micrographs (Fig. 3a) , and no caspase-dependent cleavage in the western analysis (Fig. 3b, lane 6) . These results indicate that U87MG cells undergo caspase-dependent apoptosis when treated with the combination of DT-EGF and a low dose of TRAIL that was not sufficient to kill the cells alone. Additionally, these data (e.g. compare lanes 3 and 4 in Fig. 3b) show that the effect of DT-EGF is to significantly increase the efficiency with which TRAIL receptors can activate caspase-8 and then effector caspases such that the efficiency of TRAIL-induced caspase activity when DT-EGF is present is at least equivalent to that achieved with 75 times more TRAIL when DT-EGF is not present.
DT-EGF/TRAIL synergy occurs through depletion of FLIP
Although the maximum amount of caspase activity was similar, there was a delay in caspase 3/7 activation with the combination of low dose TRAIL and DT-EGF compared to high doses of TRAIL alone (Fig. 3c ). This suggests that the ability of DT-EGF to stimulate TRAIL-induced caspase activation takes several hours to be manifested. To test this hypothesis, we pre-treated cells with DT-EGF for 6 or 24 h prior to low dose TRAIL (20 ng/ml) treatment for 6 h. This resulted in an increase in caspase 3/7 activity at the 6 h time point compared to treating cells with the combination of drugs at the same time (Fig. 3d) showing that the delay in caspase activation that occurs with the combination treatment can be overcome if DT-EGF is present for 6 h prior to TRAIL treatment. Because DT-EGF inhibits protein synthesis [7] , we hypothesized that the molecular mechanism by which the time dependent stimulation of TRAIL induced caspase activation is achieved is through the turnover of a protein that inhibits TRAIL receptor signaling. The two strongest candidates for such a protein are the anti-apoptotic proteins FLIP and XIAP, which have relatively short half-lives and which can both inhibit TRAIL induced apoptosis.
Treatment with DT-EGF, or the combination of DT-EGF and a low dose of TRAIL (2 ng/ml) caused depletion of both FLIP and XIAP as determined by western blotting (Fig. 4a) . Interestingly, the combination of the drugs depleted XIAP further, but did not deplete FLIP any more than DT-EGF alone due to the fact that DT-EGF depletes FLIP levels essentially completely on its own. To test if depletion of these anti-apoptotic proteins is necessary for synergy, we used siRNA to knock down FLIP and XIAP levels (Fig. 4b) then exposed the cells to varying doses of DT-EGF in combination with a low dose of TRAIL (2 ng/ml). If depletion of the anti-apoptotic proteins is not responsible for DT-EGF's ability to stimulate TRAIL-induced apoptosis, ) (mean ± SEM from 3 replicates). d Effector caspase activity was measured using a caspase 3/7 specific luminogenic substrate on U87MG cells treated for 6 h with DT-EGF (150 ng ml then the amount of cell death for any given dose of DT-EGF plus TRAIL should be similar whether or not the antiapoptotic protein was knocked down. Conversely, if depletion of the anti-apoptotic protein is responsible for synergy, we should find that, with limiting doses of DT-EGF, the addition of siRNA against the relevant protein should increase cell death to a level similar to that observed with high dose DT-EGF plus TRAIL. Figure 4c shows that siR-NA against XIAP does not cause additional death in cells treated with TRAIL and either high (150 ng/ml) or lower ) ? TRAIL (2 ng ml (10 and 2 ng/ml) doses of DT-EGF. These data suggest that although DT-EGF treatment causes a depletion of XIAP levels, this is not a major mechanism for the synergy with TRAIL. However, when we treated cells with lower (10 and 2 ng/ml) doses of DT-EGF, FLIP depletion was able to stimulate cell death to a level that is equivalent to high dose DT-EGF (150 ng/ml) plus TRAIL (2 ng/ml) (Fig. 4c) . To test if the mechanism requires the catalytic activity of DT, we used a chemical inhibitor (DPQ) of the ADP-ribosylation activity of DT. When the catalytic activity of the toxin was inhibited, potentiation of TRAIL-induced killing only occurred when FLIP levels were depleted with siRNA (data not shown) indicating that the inhibition of protein synthesis is required for DT-EGF to have these effects. We repeated these experiments using a chemical protein synthesis inhibitor, cycloheximide (chx) and found that here too, synergy was associated with depletion of FLIP rather than XIAP (Fig. 4d) . As expected, DPQ had no effect on chxinduced effects (data not shown). To test if the same mechanism of synergy applied in another GBM cell line, we repeated the FLIP knockdown experiments with 42MGBA cells. Figure 5 shows that FLIP knockdown increased TRAIL induced killing with low doses of DT-EGF (Fig. 5a) or chx (Fig. 5b) such that the total amount of cell death was equivalent to that achieved with high dose DT-EGF or chx. Therefore, in both GBM cell types, FLIP downregulation is able to mimic the synergistic effect of DT-EGF in promoting TRAIL-induced apoptosis.
Discussion
Effective anti-cancer treatments usually involve combinations of drugs and it is generally thought that such combinations may be better if they involve agents that work by different mechanisms. Therefore, because GBM cells are killed by DT-EGF through a non apoptotic cell death mechanism [25] , it was particularly interesting to combine this agent in GBM cells with TRAIL receptor-targeted drugs, which directly activate the apoptosis machinery. Previous results from Kawakami et al., suggest that IL-13 cytotoxin kills GBM cells in a caspase dependent manner [33, 34] and, our studies [25] showed that although DT-EGF kills GBM cells in a non-apoptotic manner unless autophagy is blocked, it kills epithelial tumor cells by caspase-dependent apoptosis. We also previously showed that a DT-GMCSF toxin kills different AML cell lines by different mechanisms [28] . Together, these data indicate that the mechanism of targeted toxin-induced cell death differs for different cancer cells. Thus, combining targeted toxins with apoptosis inducers may also allow regulation of the mechanism of cell death and this may be especially important in those cases where apoptotic death is the preferred mechanism by which the toxin kills. Our results show that the combination of DT-EGF and TRAIL results in synergistic tumor cell killing in vitro and more effective inhibition of tumor growth (which is at least an additive effect) in vivo. Unlike with DT-EGF alone, the combination caused high levels of caspase activity such that a low dose of TRAIL in the presence of DT-EGF was as effective (albeit after a delay) at activating caspases as a dose of TRAIL that is 75 times higher. The delay in caspase activation with the combination treatment relative to high dose TRAIL alone was due to the time required for down-regulation of anti-apoptotic proteins, the most important of )]. The data represent mean ± SEM from 3 replicates which is FLIP indicating that the mechanism of synergy is through the protein synthesis inhibition effects of the targeted toxin leading to depletion of this inhibitor of TRAIL receptor signaling. Our previous work showed that DT-EGF's ability to induce autophagy was responsible for blocking caspase activation in GBM cells [25] however, this effect clearly did not block the ability of TRAIL receptor agonists to activate caspases. Consistent with this idea, autophagy can prevent apoptosis in response to various activators of the intrinsic caspase activation pathway but is less effective at inhibiting death receptor-induced caspase activation [35] . Inhibition of DT-EGF-induced autophagy might further stimulate the ability of TRAIL receptor agonists to activate apoptosis [36] . It has also been demonstrated that bispecific targeting of the toxin can significantly increase efficacy-for example GBM are more effectively killed and a broader selection of tumor cells can be targeted by a DT molecule that is fused to both EGF and IL13 ligands than is achieved by targeting either receptor alone [37] . We anticipate that combining with TRAIL receptor-targeted drugs would further enhance tumor killing with such improved targeted toxins too.
Clinical studies with another EGFR-targeted cytotoxin in GBM patients have produced mixed results. In a recent study, it was found that the EGFR-targeted toxin TP-38 was well tolerated at effective doses and there were some encouraging radiographic responses; however neurologic toxicities were observed and the authors concluded that there were limitations caused by inconsistent and ineffective infusion in many patients [38] . Thus, if we could maintain or increase the potency of EGFR-targeted cytotoxins while decreasing the normal tissue toxicity, it might be possible to combine this with improvements in the delivery method to make this a more viable therapy. One way to achieve this goal is through combination therapy with lower doses of EGFR-targeted cytotoxin combined with another agent that synergizes with it. Ideally, the other agent should be something that itself does not target normal tissue. Because TRAIL has been shown to be unable to kill normal astrocytes while retaining sensitivity in malignant glioma cells [39] and, in clinical studies for other tumor types, TRAIL receptor-targeted agents have had very low toxicity [19] , combination therapy with EGFR-targeted toxin and TRAIL receptor agonists may allow this kind of strategy to be developed. As with targeted toxins [6] , brain tumors can be treated with TRAIL (or antibodies that activate TRAIL receptors) using convection enhanced delivery [40] , thus we suggest that combining these agents may provide a more effective way to treat brain tumors than can be achieved with either agent alone. Moreover, because the half-life of the agonistic TRAIL receptor antibodies in humans is much greater than that of TRAIL [18] , our data indicate the value of understanding of the mechanism of synergy with other agents such as DT-EGF. For example, in vivo, we might expect that sequencing of the agents would be valuable and pre-treatment with DT-EGF would be particularly important when TRAIL is used but perhaps less important if an antibody was used. In conclusion, these studies provide a mechanistic rationale for combination treatments with TRAIL receptor agonists and targeted toxins to treat brain tumors.
